To consecutively decompose 14CO2 into carbon (14C) through its reaction with H2, an apparatus using microwave discharge and its conditioning were investigated. The reaction produces CO as an intermediate, and proceeds in the two steps of (1) "CO2+H2->CO+H2O" and (2) "CO+H2+Cn->Cn+1+H2O", where Cn denotes the carbon already deposited on the wall of the discharge tube. Preliminary dispersion of carbon to the wall of the discharge tube by sputtering of a graphite particle was effective to promote the reaction. Two silica discharge tubes (6mm O.D., 4mm I.D., and 150mm length each) were connected in series to proceed the former reaction in the first discharge tube and the latter one in the second one. When a 1:3 mixture of CO2 and H2 (total pressure 0.67kPa) was passed through the discharge tubes at a linear gas velocity of approximately 30mm/s and discharged for 60h under microwave of 30-40W supplied from two 2,450 MHz power generators (200W each), more than 90% of CO2 was converted into CO in the 1st tube and about 23% of the CO was then decomposed into carbon in the 2nd tube. However, about 50% of the CO escaped from the tube without being decomposed, and about 0.5% and 1% of the carbon fed were hydrogenated into CH4 and C2H2, respectively. The rest about 25% which was not confirmed was probably evacuated from the 2nd tube as microparticles of carbon. To completely decompose CO2 into carbon, additional discharge tubes are necessary downstream of the 2nd tube.
I. Introduction
Carbon-14 (14C), with a half-life of 5.7x103yr, is produced in nuclear fuels during their irradiation as a result of absorption of neutrons by nitrogen and oxygen present as an impurity and a component of the fuel, respectively (1) . Reactions 14N(n,p)14C and 17O(n,a)14C are the most important contributors to 14C production. When PWR spent fuels with a burnup of 45 GWd/t were reprocessed at a rate of 800t U/yr, it is estimated that about 5.2x1013Bq/yr (or 320g/yr) of 14C was released to the atmosphere via dissolver off-gas (DOG), giving 4.3x10-3mSv/yr of effective dose equivalent rate to the nearby resident (2) . This dose equivalent rate constitutes 24% of total individual dose rate which the nearby resident receives each year from the reprocessing facility.
On the other hand, 14C is also produced naturally by cosmic interaction in the atmosphere, whereby the general public has inevitably been exposed to individual equivalent dose rate of 1.25x10-2mSv/yr (1) . Therefore, the residents near the reprocessing facility undergo 27% greater individual dose rate than the public. This increment is very small as compared with the average annual total-body natural background dose rate of 2mSv/yr(3), and 14C is not included in radionuclides that have to be removed for the environmental safety in Japan at present. In the future, however, confinement of 14C (the largest contributor to the equivalent dose rate of the nearby residents) may be required for nuclear safety.
It is desirable for the future environmental safety to prepare an effective method to capture and stabilize 14C , which fulfills the ALARA (As Low As Reasonably Achievable) principle. In the DOG, 14C is in the form of carbon dioxide (CO2) (4) . In some reprocessing plants, caustic scrubbing, which has been installed to remove radioiodine from the DOG, also absorbs 14C-containing CO2(5); however, this process is not suited to reprocessing plants in which radioiodine is to be removed by a dry process such as the use of silver-impregnated adsorbents. Removal of 14C(CO2) by the use of a dry process is desirable for such a case as above . Just a few papers have been published on the dry process . The use of an adsorbent may be practiced in a cryogenic 85Kr removal unit as one of the pretreatment processes for eliminating impurities in the process gas (6) . Other dry processes include the reaction of CO2 with flakes of Ba(OH)2.8H2O , whereby 14C is fixed as stable BaCO3; however , this process needs complex water-vapor control(7)(8) .
The present work was intended to provide a new technique to stabilize 14C under the assumption that 14C could be removed from DOG with an adsorbent. On developing a 14C-fixation process, we noted the fact that its amount in spent-fuels was very small, e.g., 0.40g/t-U0 or 6.5x1010Bq/t-U0.
Even if air gas is used as the purge gas of the dissolver, total CO2 concentration in DOG is 340ppm or less, 14CO2 concentration being about 0.1ppm. Once the carbon dioxide is captured on an adsorbent, a large-scale facility would be unnecessary for its subsequent fixation process. In considering this situation as well as the reduction of radwaste, we tried to convert CO2 into carbon (C) through its reaction with hydrogen under electrical discharge:
When low pressure hydrogen and carbon dioxide are separately subjected to microwave discharge, the former dissociates into atoms and the latter into CO and atomic oxygen(9):
and CO2->CO+O.
However, no data are available for reaction (1) under microwave discharge. Through "trial and error", we intended to establish an apparatus and procedure to effectively decompose CO2 into C. Experiments confirmed the progress of this reaction under microwave discharge, and at the same time elucidated the good features and the drawbacks of this process, details of which were described below.
II. Experimental
Materials
Commercial grade carbon dioxide (CO2, >=99.99% pure), carbon monoxide (CO, 99.9% pure), hydrogen (H2, >=99.99% pure), methane (CH4, 99.99% pure), and acetylene (C2H2, 98% pure) were used without further purification. The latter two gases were for preparing their calibration curves to determine their amounts produced in the process by infrared analysis.
A graphite rod of 10mm dia. and 5cm long, containing impurities less than 1,000ppm, was crashed into particles of 10-50mg and 2-3mm dia. each, one of which was put in the 2nd discharge tube described below in order to preliminarily disperse its carbon atoms on the wall of the tube by sputtering.
Procedure
Experiments were first performed using glow discharge which was established in low pressure, gaseous mixture of CO2 and H2 by low frequency AC across electrodes sealed into a discharge tube. This method was, however, soon given up because the discharge discontinued as carbon deposited on the electrodes. Instead, electrodeless discharge, viz., microwave discharge, was applied for the mixture. Experiments were performed in both static and flow systems; however, emphasis was put on the latter with the intention of its practical use in future. A silica discharge tube (6mm O.D., 4mm I.D. and 150mm length) was placed transversely through a rectangularsection waveguide (45mmx85mmx250mm) with a cav- Figure 1 shows IR spectra of the gas before and after discharge. The IR spectra were obtained by subtracting the background spectra measured under vacuum from the gas phase spectra. Carbon dioxide was exhausted and the trace of the absorption band of carbon monoxide was observable. Except for CO2, CO, and H2O, no other gaseous species were detected. A part of the black substance deposited on the wall was sampled to feed to infrared analysis. Infrared spectra of the deposit were the same as those of graphite, that is, no absorption band corresponding to C-H and C-O bonds (3,300-2,600 and 3,000-1,000cm-1, respectively) was observed in the wave number range of 400 to 4,000cm-1. Reaction (1) therefore consists of at least the following two steps:
and
In the case of microwave discharge of CO alone, it has been reported(9) that carbon suboxide (C3O2) is formed through the following consecutive reactions, which is soluble in dilute sodium hydroxide solution to give yellow solution:
CO+e->CO*+e,
CO*+CO->C2O+O,
C2O+CO->C3O2.
(CO* denotes an excited CO molecule and e, electron.) In the present case, however, such soluble material as above was not abserved, probably because of the presence of hydrogen reacting with oxygen.
When the initial ratio of H2/CO2 was increased to greater than three, trace amounts of CH4 and C2H2 were detected on IR spectra.
Conditioning for Flow Method
Carbon did not deposited on the wall of the single discharge tube, when the microwave discharge was applied for more than 50h to a 1:3 mixture of CO2 and H2 that flowed at a linear gas velocity of 20mm/s, keeping a total pressure of approximately 0.67kPa. IR spectra showed only decrease in CO2 concentration and formation of CO. When a flowing 1:2 mixture of CO and H2 was subjected to the microwave discharge under the same condition as above, carbon was deposited on the wall in the plasma region. These findings indicate that because of the shortage of resident time of the reactant in the plasma region, the single discharge tube is not enough to convert CO2 into C via CO. So, two discharge tubes of the same size as above were connected in series with the intention of proceeding reaction (4) in the first tube and reaction (5) in the second one. Further, it was found that removal of the water produced in the 1st tube was necessary, so that another cold trap of -78dc was installed between the two discharge tubes. After these improvements, carbon became deposited on the wall of the 2nd discharge tube, following a long induction period, that is, carbon became visible about 20h later from the start of discharge.
The long induction period described above has to be removed for practical use of this process. We thought that this induction period was the duration needed for removal of such impurities as H2O, OH, etc., previously chemisorbed on the wall of the tube, or the one needed for nucleation of carbon on the wall (on which reaction (5) took place). For the former, flowing hydrogen gas was Fig. 1 IR spectra of the gas in the static system before and after the reaction of CO2 with H2 under microwave discharge Carbon dioxide in a 1:3 mixture of CO2 and H2 with the initial pressure of 0 .67kPa was completely decomposed and trace of absorption band of CO is observable in the residual gas.
JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY discharged in the discharge tube for 20h before the tube was used for discharge of the CO2-H2 gaseous mixture. However, this pretreatment was not effective to reduce the induction period. For the latter, a small graphite particle (12mg) was put in a discharge tube and subjected to the discharge of the CO2-H2 mixture in order to disperse its carbon atoms on the wall of the tube by sputtering. For 7h of discharge, 6mg of carbon of the graphite was distributed on the wall as numerous black spots. (This sputtering is also achieved with plasma of such an inert gas as helium.) The residual graphite particle was removed from the tube and then the flow method was applied. After these modifications, CO became steadily decomposed, depositing carbon on the wall of the 2nd discharge tube in the flow method. Therefore, reaction (5) can be rewritten as
where Cn denotes the carbon already deposited on the wall of the 2nd discharge tube.
In the sputtering of graphite, deposition of too much amount of carbon (more than 10mg) caused its hydrogenation to CH4 and C2H2 in preference to the CO-H2 reaction, reducing the efficiency of the latter. These hydrogenations are expressed by the following equations, and compete with reaction (9):
Cn(s)+H2(g)=Cb-2(s)+C2H2(g).
When carbon was sputtered in large quantity from the graphite, increasing amount of hydrogen is consumed by reactions (10) and (11), so that proceeding of reaction (9) is retained. Unlike the carbon dispersed from graphite, the carbon from the CO-H2 reaction was stable against both further reactions (hydrogenation) and sputtering by helium plasma. Although their IR spectra were the same, crystal structure may be different between them. The outline of the apparatus thus established was illustrated in Fig. 2 . The graphite particle in the 2nd discharge tube is removed after the preliminary sputtering of carbon. The back-end of this tube was packed with silica threads to trap reaction products, which was omitted in the figure. The two FRC-valves and the pressure gauge (II) controlled the linear gas velocity and pressure in the system. The linear gas velocity was estimated from the rate of pressure drop of the gas reservoir and the pressure of the flowing gas. When infrared analysis was performed, the flowing gas was passed through the IR cell. During the experimental run, the 1st discharge tube shines in pink and the 2nd one in blue in which carbon deposited.
When the microwave discharge was applied for a 1:3 mixture of CO2-H2 flowing at 4cm/s (the resident time in plasma, approximately 1s) and its pressure was allowed to stand as the reactions decreased it, the pressure indicated by pressure gauge (II) changed with the elapsed time as Fig. 3 showed. Curve (A) in the figure denotes the decrease in pressure in the case where the gaseous mixture was discharged only in the 1st tube, while Curve (B) is for the case where it was subjected to discharge in both of the tubes. The difference in pressure between the two curves, viz., 0.15kPa, indicates the progress of reactions in the 2nd discharge tube. Figure 4 shows the IR spectra of the feed gas (A) and of the off-gases from the 1st discharge tube (B) and the 2nd one (C). From the peak heights in the spectra, it is evident that CO2 was converted into CO in the 1st Fig. 2 The outline of the apparatus established for decomposition of CO2 into C through its reaction with H2 under microwave discharge in a flow system The 1st discharge tube converts CO2 into CO and the 2nd discharge tube decomposes the CO into C. The graphite particle is removed after preliminary sputtering of carbon onto the wall of the tube. Fig. 3 Change in the total pressure with the elapse of time during the microwave discharge in the flow system The initial pressure of a 1:3 mixture of CO2 and H2 was 0.67kPa, and the linear gas velocity, approximately 30mm/s. Curve (A) is for the case where only the 1st discharge tube was operated, while Curve (B) for the case where both of the 1st and the 2nd discharge tubes were under operation. plasma (more than 90%) and the latter was then partially decomposed into carbon (C) in the 2nd plasma with formation of trace amount of methane (CH4) and acetylene (C2H2), that is, reaction (4) proceeded in the former, while reaction (5) in the latter.
The Amount of Carbon Deposited in the Flow
Method As carbon deposited beyond 4mg/cm2 on the wall of the 2nd discharge tube, the plasma became unstable and, when the amount increased beyond approximately 6mg/cm2 approximately 100h after the start, it went out because the microwave was absorbed by the carbon deposited. When a 1:3 mixture of CO2-H2 (total pressure of 0.67kPa) was passed through the discharge tubes for 60h, the following material balance was obtained for carbon:
-Carbon in the CO2 fed; 73mg.
-Carbon deosited in the 2nd discharge tube; 17mg (23%) (or 3.2mg-C/cm2). -Components of the exit gas from the 2nd discharge tube in their ratios to the CO2 fed and their amounts (the results of infrared analysis); CO approximately 50% (36mg), CH4 approximately 0.5% (0.3mg), and C2H2 approximately 1% (0.7mg). About 75% of carbon of the CO2 fed was confirmed, of which 23% was carbon deposited in the discharge tube. The difference in the amount of carbon between the feed and the products, viz., 25%, is considerably great. Since no other gaseous species than CH4 and C2H2 were detected on the IR spectra, the lost part may have flown out of the discharge tube as microparticles of carbon and scattered in the apparatus downstream of the discharge tubes, which includes an oil vacuum pump. The silica threads at the back-end of the tube was observed to be blackened with the elapsed time. For the practical use, a dust collector such as a filter may be necessary. The CO appearing in the exit gas from the 2nd discharge tube indicates the shortage of its resident time in plasma for reaction (9) . To increase its conversion ratio into carbon, placing another discharge tube downstream of the 2nd discharge tube is necessary. Instead of installing the 3rd discharge tube, the 1:2 mixture of CO and H2 (total pressure, 0.67kPa) was supplied to the apparatus shown in Fig. 2 , and the exit gas from the 2nd discharge tube was subjected to infrared analysis . About 8% of the CO fed still remained in the exit gas. Using three discharge tubes is, therefore, expected to increase the conversion ratio to more than 90% in reduction of CO2 .
When the output for the 2nd discharge tube was increased to 120W for about 2h , a significant decrease in concentration of CO was not noticed at the exit of the 2nd tube; this operation only resulted in the overheating of the cable and the waveguide . Unfortunately, since the capability of the power generators used in the present experiments did not permit to operate them over 50W for long time, we could not obtain quantitative data for the higher power of the microwave .
The present small-scale experiment pursued and confirmed only a technical possibility of the process of con - secutively converting CO2 into C through its reaction with H2 under microwave discharge. From a consideration of the fact that a large portion of 14C dosage to the residents near the reprocessing facility comes from cosmic ray, we have put our target to be attained on reducing its concentration in DOG to 1% (DF=102) or less. The present results are not satisfactory, and further improvements are needed for the apparatus and procedures. They include to develop a way of increasing the amount of carbon deposited in the discharge tube to a value greater than the present 6mg/cm2, to increase the rate of conversion of CO into C, and to develop a device of capturing the microparticles of carbon in the gas flow.
On the other hand, the present process is operated under reduced pressure, and the used discharge tubes charged with carbon are directly fed to a waste treatment process after sealed. These are favorable for nuclear safety. The value of 6mg/cm2 described above corresponds to the amount of 14C contained in about 14.7kg of spent fuels with burnup of 45GWd/t(2). In practice, however, 14CO2 constitutes only about 0 .1% of the total CO2 in the dissolver off-gas from a reprocessing plant. So, in addition to the improvements of the procedure, the amount of air-component CO2 in the purge gas of the dissolver should be decreased to as low level as possible by using nitrogen gas or synthetic air gas on considering the removal of 14C from the DOG of a reprocessing plant.
When 14C(CO2) in the DOG is collected with an adsorbent, there is a possibility that NOx (a mixture of NO and NO2) is also adsorbed and, in the subsequent fixation process, interferes with the reduction of CO2. However, once NO is preliminarily oxidized into NO2 with oxygen, the mutual separation of CO2 and NO2 would easily be performed by use of a cold trap of -78dc.
IV. Conclusions
Microwave discharge for a CO2-H2 gaseous mixture in reduced pressure (approximately 0.67kPa) reduces CO2 into carbon (C), via formation of CO as an intermediate. The reduction of CO2 into CO proceeds fast, while the rate of conversion of the CO into C is small.
To consecutively decompose CO2 in a flow system, two discharge tubes should be connected in series, whereby the 1st discharge tube converts CO2 into CO and the 2nd one reduces the CO into C. A cold trap of -78dc should be installed between the two discharge tubes to remove water produced.
To remove a long induction period (more than 20h) needed for the deposition of carbon in the 2nd tube, viz., CO+H2=C+H2O, preliminary dispersion of carbon to the wall of the tube by sputtering of a graphite particle was effective. Hence, this reaction may be rewritten as " CO+H2+Cn=Cn+1+H2O", where Cn denotes the carbon deposited on the wall of the 2nd discharge tube.
For the discharge maintained under 40W of microwave from a 2,450MHz power generator of 200W, appropriate conditions for the reaction were as follows: feed gas pressure, 0.67kPa; the ratio of H2 partial pressure to CO2 one, approximately 3; the linear gas velocity, 2 to 4cm/s (the resident time in plasma, 2 to 1s).
The maximum amount of the carbon thus obtained in the 2nd discharge tube was limited to 6mg/cm2 because of the absorption of microwave by the carbon deposited.
Of carbon of the CO2 fed to the discharge tubes, 23% deposited in the 2nd discharge tube, about 50% escaped from the 2nd tube as the residual CO, about 0.5% was converted to CH4, about 1% was converted to C2H2 in the present experimental condition, and the residual 25% was probably evacuated as microparticles of carbon.
Additional discharge tubes are necessary downstream of the 2nd discharge tube to completely decompose CO2 into carbon.
